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Abstract

Extracts of Artemisia asiatica Nakai (Asteraceae) possess anti-inflammatory and anti-oxidative activities. Eupatilin (5,7-dihydroxy-

30,40,6-trimethoxyflavone), one of the pharmacologically active ingredients derived from A. asiatica, was shown to induce apoptosis in

human promyelocytic leukemia (HL-60) cells [Mutat Res 496 (2001) 191]. In the present study, we examined the cytostatic effects of

eupatilin in H-ras-transformed human breast epithelial (MCF10A-ras) cells. Eupatilin inhibited the growth of MCF10A-ras cells in a

concentration-dependent and time-related manner. To explore whether the anti-proliferative effects of eupatilin could be mediated through

modulation of the cell cycle in MCF10A-ras, DNA contents were analyzed by the flow cytometry. Eupatilin inhibited the expression of

cyclin D1, cyclin B1, Cdk2 and Cdc2 that are key regulators of the cell cycle. In addition, eupatilin treatment led to elevated expression of

p53 and p27Kip1 that act as Cdk inhibitors. It has been known that the Ras-signaling pathway plays integral roles in the induction of cyclin

D1. Eupatilin inhibited the activation of ERK1/2 as well as expression of Raf-1 and Ras in MCF10A-ras cells. Thus, the inhibitory effect

of eupatilin on cyclin D1 expression appears to be mediated by targeting the Raf/MEK/ERK signaling cascades. Eupatilin did not change

activation of Akt, an important component of cell-survival pathways. In conclusion, the anti-proliferative effect of eupatilin in MCF10A-

ras cells is associated with its blockade of cell cycle progression which appears to be attributable in part to inhibition of ERK1/2 activation.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

One of the conventional strategies utilized in cancer

chemoprevention/chemotherapy is preventing DNA synth-

esis or mitosis by blocking cell cycle progression in

preneoplastic or malignant cells. Certain phytochemicals

present in medicinal herbs and dietary plants exert a

cytostatic effect by arresting growth of malignant or trans-

formed cells.

Flavonoids are polyphenols ubiquitously found in a wide

variety of edible plants. Many flavonoids exert potent anti-

tumor activity through induction of apoptosis and cell

cycle arrest in several cancer cell lines [1–3]. For example,

a Citrus flavone tangeretin induced apoptosis in human

promyelocytic leukemia (HL-60) cells [3] and blocked cell

cycle progression at the G1 phase in human colorectal

carcinoma COLO 205 cells [2].

Extracts of Artemisia asiatica Nakai (Asteraceae) pos-

sess anti-inflammatory and anti-tumor promoting activities

[4]. Our previous studies have shown that eupatilin (5,7-

dihydroxy-30,40,6-trimethoxy-flavone, structure shown in

Fig. 1), one of the pharmacologically active ingredients of

A. asiatica, induces apoptosis in HL-60 cells [5].

An uncontrolled Ras-signaling has been implicated in

the development of human cancer [6,7]. The Ras-signaling

pathway plays an important role in the regulation of cell

proliferation by growth factors [8–11]. The aberrant acti-

vation of the mitogen-activated protein kinase (MAPK)

pathway often results in the development, growth or

spread of tumors [12,13]. Phosphatidylinositol 3-kinase

(PI3K) and Akt/PKB play a crucial role in cell cycle

control by targeting cyclin D1 which is regulated via the
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Ras-dependent signaling. While the Ras pathway that

consists of Raf, MAPK kinase (MEK) and extracellular

signal-regulated kinase (ERK) induces cyclin D1 synth-

esis, the PI3K/Akt/GSK-3b pathway is considered to

selectively affect cyclin D1 stability [14,15].

In the present study, we evaluated the anti-tumorigenic

potential of eupatilin by examining its capability to inhibit

growth of H-ras transformed human breast epithelial

(MCF10A-ras) cells. Here, we report that eupatilin exerts

growth inhibitory effects in MCF10A-ras cells through

modulation of key cell cycle regulators.

2. Materials and methods

2.1. Materials

Eupatilin was supplied from Dong-A Pharmaceutical

Co. Ltd. (Yong-In, South Korea) and dissolved in DMSO

for treatment. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide], cholera toxin, hydrocor-

tisone, insulin and h-EGF were purchased from Sigma

Chemical Co. (St. Louis, MO, USA). Dulbecco’s mod-

ified Eagle’s medium (DMEM)/Ham’s nutrient mixture

F-12 (1:1) and horse serum were obtained from Gibco

BRL (Grand Island, NY, USA). The MEK inhibitor

U0126 was obtained from Tocris Cookson Ltd. (Avon-

mouth, UK).

2.2. Cell culture

Cells were cultured in DMEM/F-12 medium supple-

mented with 5% heat-inactivated horse serum, 10 mg/ml

insulin, 100 ng/ml cholera toxin, 0.5 mg/ml hydrocorti-

sone, 20 ng/ml recombinant epidermal growth factor,

2 mmol/l L-glutamine and 100 units/ml penicillin/strepto-

mycin at 37 8C in a humidified atmosphere of 5% CO2/

95% air.

2.3. Determination of cell viability

MCF10A-ras cells were plated at a density of 5 �
104 cells in 48-well plates, and the cell viability was

determined by the conventional MTT reduction assay.

The MTT assay relies primarily on the mitochondrial

metabolic capacity of viable cells and hence reflects the

intracellular redox state. After incubation, cells were trea-

ted with the MTT solution (final concentration, 0.25 mg/

ml) for 2 h at 37 8C. The dark blue formazan crystals

formed in intact cells were dissolved with DMSO, and

the absorbance was measured at 570 nm with an ELISA

reader. Results were expressed as the percentage of MTT

reduction, assuming that the absorbance of control cells

was 100%.

2.4. Determination of DNA synthesis

Cells growing in six-well plates were treated with

[methyl-3H]thymidine (sp. act., 54 Ci/mmol) in varying

concentrations of eupatilin. After incubation at 37 8C for

48 h, the medium was removed. The cells were harvested

by treatment with trypsin-EDTA at 37 8C, rinsed with

phosphate-buffered saline (PBS) and 10% trichloroacetic

acid, and treated with 0.5% SDS in 0.2N NaOH at 37 8C for

30 min. The extent of [3H]thymidine incorporation was

measured by liquid scintillation counting.

2.5. Flow cytometry

Treated cells were trypsinized and washed with cold

PBS once, fixed with 70% ethanol and stored at �20 8C
until use. The fixed cells were then washed with PBS and

stained with 20 mg/ml of propidium iodide containing

10 mg/ml RNase A. The stained cells were incubated at

room temperature for 30 min in the dark. The DNA con-

tents of the cells (1 � 104 cells/experimental group) were

analyzed by a FACS Calibur flow cytometry using the

CellQuest analysis program (BD Biosciences, North Ryde,

Australia).

2.6. Western blot analysis

MCF10A-ras cells were lysed in RIPA lysis buffer

[150 mM NaCl, 0.5% Triton � 100, 50 mM Tris–HCl

(pH 7.4), 25 mM NaF, 20 mM EGTA, 1 mM dithiothreitol

(DTT), 1 mM Na3VO4, protease inhibitor cocktail tablet]

for 15 min on ice followed by centrifugation at 12,000 � g

for 20 min. The protein concentration of the supernatant

was measured by using the BCA reagents (Pierce, Rock-

fold, IL, USA). Protein (30 mg) was separated by running

through 12% SDS-PAGE gel and transferred to the PVDF

membrane (Gelman Laboratory, Ann Arbor, MI, USA).

The blots were blocked with 5% non-fat dry milk-PBST

buffer [PBS containing 0.1% Tween-20] for 1 h at room

temperature. The membranes were incubated for 2 h at

room temperature with 1:1000 dilution of one of the

polyclonal antibodies of p53, p21, p27, Cdc2, Cdk2, cyclin

D1, cyclin B1, Raf-1 and ERK (Santa Cruz Biotechnology,

Santa Cruz, CA, USA) or pan-Ras (CALBIOCHEM, Ger-

many) and phospho-ERK (Santa Cruz Biotechnology)

Fig. 1. Structural formula of eupatilin (5,7-dihydroxy-30,40,6-trimethoxy-

flavone).
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monoclonal antibodies. Equal lane loading was assessed

using actin (Sigma Chemical Co., St. Louis, MO, USA).

The blots were rinsed three times with PBST buffer for

5 min each. Washed blots were incubated with 1:5000

dilution of the horseradish peroxidase conjugated-second-

ary antibody (Zymed Laboratories, San Francisco, CA,

USA) for 1 h and washed again three times with PBST

buffer. The transferred proteins were visualized with an

enhanced chemiluminescence detection kit (Amersham

Pharmacia Biotech, Buckinghamshire, UK).

3. Results

3.1. Eupatilin caused reduced viability and

proliferation of MCF10A-ras cells

The effect of eupatilin on the cell viability was

measured by the MTT reduction assay. When MCF10A-

ras cells were treated with 100 mM eupatilin, the cell

viability declined in a time-related manner (Fig. 2A). To

determine whether the reduced cell viability was due to

decreased cell proliferation, we measured the incorpora-

tion of [3H]thymidine into nuclei in the presence of varying

amounts of eupatilin. As illustrated in Fig. 2B, DNA

synthesis was inhibited in a concentration-dependent man-

ner in MCF10A-ras cells treated with eupatilin.

Fig. 2. (A) Effects of eupatilin on viability of MCF10A-ras cells. Cells were

treated with 100 mM of eupatilin for indicated time periods, and the cell

viability was determined by the MTT reduction assay. (B) Cell proliferation

was assessed by measuring the incorporation of [3H]thymidine into nuclei

of cells after 2 day treatment with eupatilin. The results are presented as means

� S.D. (n ¼ 5). Significantly different from untreated control: �P < 0.01.

Fig. 3. Effects of eupatilin on cell cycle distribution in MCF10A-ras cells. Cells were treated with 0 (A), 10 (B), 50 (C) or 100 mM (D) eupatilin for 48 h, and

the cell cycle distribution was measured by flow cytometry analysis as described in Section 2. Data shown are representative of three independent

experiments. Values are means � S.D. (n ¼ 3). *Significantly different from the untreated control (P < 0.05).
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3.2. Eupatilin-induced cell cycle arrest at both G1/S

and G2/M phases

Considering that eupatilin decreased cell proliferation,

we analyzed its effect on cell cycle distribution by flow

cytometry. Treatment with 100 mM eupatilin for 48 h

caused accumulation of cells predominantly at the G1

phase, with a concomitant decrease in the cell cycle

progression through the S phase (Fig. 3). Eupatilin did

not alter the sub-G1 fraction, suggesting that it caused cell

cycle arrest without induction of apoptosis.

3.3. Effect of eupatilin on the expression of cell cycle

regulatory molecules: cyclins and Cdks

To elucidate the mechanisms involved in the cell cycle

arrest caused by eupatilin, expression of the several

major cell cycle regulators was assessed by Western blot

analysis. Both cyclin D/Cdk4 and cyclin E/Cdk2 com-

plexes are required for the cells to progress from G1 into

S phase. As shown in Fig. 4A, eupatilin (100 mM) caused

reduced expression of cyclin D1 and Cdk2 at 48 h with-

out altering the level of Cdk4. In addition, we examined

the changes in the levels of proteins involved in con-

trolling progression from G2 to M phase. Eupatilin

inhibited the expression of the G2/M regulators, such

as Cdc2 and cyclin B1, in a concentration-dependent

fashion (Fig. 4B). Based on these findings, eupatilin is

Fig. 4. Effects of eupatilin on expression of the selected cell cycle

regulators of G1/S (A) and G2/M (B) transition of the cell cycle. MCF10A-

ras cells were treated with 10, 50, or 100 mM of eupatilin for 48 h, and

cellular extracts were analyzed for protein expression by Western blot

analysis. Blots are representative of three independent experiments.

Fig. 5. Effects of eupatilin on expression of Cdk inhibitors. (A) MCF10A-ras cells were treated with 10, 50 or 100 mM of eupatilin for 48 h. (B) MCF10A-ras

cells were treated with 100 mM of eupatilin for the time indicated. The protein levels of p53, p27Kip1 and p21waf1/Cip1 were analyzed by Western blot analysis.
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likely to block the cell cycle progression through G1 to S

and G2 to M phases.

3.4. Eupatilin upregulated p53 and p27Kip1

To examine whether eupatilin could induce the Cdk

inhibitor proteins, we investigated its effect on the expres-

sion of p27Kip1 and p21waf1/Cip1 proteins. The expression of

p27Kip1 was substantially increased after exposure to

eupatilin for 48 h (Fig. 5A). However, the expression of

p21waf1/Cip1 was transiently increased and returned to the

basal level after 48 h treatment (Fig. 5B). It has been

known that the expression of p21waf1/Cip1 is regulated

via a p53-dependent or -independent mechanism [16].

The p53 tumor suppressor has been shown to be a key

regulator in inducing the cell cycle arrest. The levels of p53

increased concentration dependently in MCF10A-ras cells

treated with eupatilin (Fig. 5A). The time course study

demonstrated that expression of p53 was constantly upre-

gulated during 48 h, but expression of p21waf1/Cip1 was

transiently elevated by eupatilin treatment (Fig. 5B).

3.5. Eupatilin decreased expression of cyclin D1 via the

Ras/Raf/MAPK signaling pathway

To further elucidate the molecular basis for the eupatilin-

induced cell cycle arrest, we measured the expression of

major proteins of the Ras-signaling pathway in MCF10A-

ras cells after eupatilin treatment for 48 h. As shown in

Fig. 6A, both pan-Ras and Raf-1 protein levels decreased

by eupatilin treatment. In addition, ERK activation through

phosphorylation was attenuated significantly while the

level of total-ERK increased slightly (Fig. 6A).

Cyclin D1 is considered to play a pivotal role in mediat-

ing the growth factor signaling responsible for cell cycle

regulation [17]. To confirm whether the regulation of

cyclin D1 by eupatilin in MCF10A-ras cells is mediated

via the ERK pathway, we utilized U0126 that is an ultra-

potent inhibitor of MEK1/2 responsible for activation of

ERK. MCF10A-ras cells treated with eupatilin (100 mM)

or U1026 (10 mM) for 48 h exhibited lower levels of

phosphorylated ERK as well as cyclin D1 (Fig. 6B).

In another experiment, we examined whether expression

of cyclin D1 could be influenced by PI3K/Akt. As shown in

Fig. 7, neither phosphorylation of Akt nor expression of

PTEN, an inactivator of Akt/PKB, was altered by eupatilin

(100 mM) treatment.

4. Discussion

Uncontrolled cell proliferation is the hallmark of cancer,

and tumor cells have typically acquired mutations in

proteins that regulate the cell cycle progression in a

coordinated fashion. Recently, a wide array of edible

Fig. 6. Effects of eupatilin on the Ras/Raf/MAPK pathway. (A) Total cell

lysates from MCF10A-ras cells treated with varying concentrations (10,

50, and 100 mM) of eupatilin were analyzed for pan-Ras, Raf-1, phospho-

ERK and total-ERK. (B) Eupatilin (100 mM) and U0126 (10 mM) were

treated to MCF10A-ras cells for 48 h, and their effects on cyclin D1

expression as well as phosphorylation of ERK were examined.

Fig. 7. Effects of eupatilin on the PI3K/Akt signaling. MCF10A-ras cells

were treated with eupatilin as described in the legend of Fig. 6, and protein

lysates were subjected to Western blot analysis of pAkt, Akt and PTEN.
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phytochemicals have been reported to induce growth inhi-

bition of various cancer cells by interfering with their

deregulated cell cycle progression. For instance, resvera-

trol and curcumin inhibit the growth of Ha-ras transformed

cell lines through modulation of the expression and/or

activities of key proteins required for cell cycle regulation

[18,19]. In our present study, eupatilin, an active compo-

nent of A. asiatica, induced cell cycle arrest through down-

regulation of constitutively activated Ras/Raf/ERK signal-

ing, leading to suppression of cyclin D1 expression.

Cyclin D1 plays a critical role in the progression of

mammalian cells through the G1 phase of the cell cycle.

Inappropriate overexpression of cyclin D1 is frequently

observed in several types of human cancer [20]. Its pro-

moter is one of the major targets of several growth stimu-

latory signals [21,22]. Thus, cyclin D1 is induced by a

variety of proliferative and transforming signals such as

Neu, Ras, Rac, Src, STATs, b-catenin, and activating

mutants of MAPK. Among these signals, three members

of the RAS family, H-, K-, and N-ras, are found to be

activated by mutation in human tumors [23]. The ras gene,

which is highly conserved in evolution, plays an essential

role in cellular proliferation, development, and differentia-

tion [23–26]. The first mammalian effector of Ras is the

protein serine/threonine kinase Raf. Raf phosphorylates

and activates MEK1 and MEK2 which, in turn, phosphor-

ylate ERK1 and ERK2, respectively.

Recent studies have suggested functional interactions

between Ras and cyclin D1 [27]. It has been suggested that

transforming mutants of Ras induce the cyclin D1 promo-

ter in human trophoblasts, mink lung epithelial, and Chi-

nese hamster ovary fibroblasts [28–30]. Ras acts at several

distinct phases of the cell cycle including early G1 and the

G1/S or G2/M boundary. Activation of MAPKs induces

reentry into the cell cycle, implicating MAPKs as targets in

the transmission of proliferative signals. Cyclin D1 pro-

moter activity was also stimulated by overexpression of

MAPKs, and transfection with plasmids encoding domi-

nant negative MAPK antagonized MAPK-dependent

induction of cyclin D1 promoter activity [30,31]. Ras

can also interact directly with the catalytic subunit of

PI3K. PI3K controls the activity of a number of down-

stream enzymes. Among them, Akt/PKB has a strong anti-

apoptotic function and is an important part of the survival

signal that is generated by Ras. These include increased

proliferation due to induction of cell cycle regulators, such

as cyclin D1 [32]. However, we observed that phosphor-

ylation of Akt and expression of its negative regulator

PTEN were not altered in MCF10A-ras cells treated with

eupatilin, although expression of Raf and phosphorylation

of ERK decreased. The MEK inhibitor U0126 and eupa-

tilin reduced expression of cyclin D1, suggesting that

eupatilin-mediated cell cycle arrest could be achieved

by targeting the Raf/MEK pathway.

The Cdk inhibitor, p27Kip1 also plays an important part

in mediating growth arrest and is thought to function as a

brake of the cell cycle [33,34]. Another Cdk inhibitor

p21waf1/Cip1, which is a transcriptional target of p53, is a

negative regulator of cell cycle progression. p21waf1/Cip1 is

induced in various cancer cells undergoing cell cycle

arrest, apoptosis, and differentiation. p21waf1/Cip1 expres-

sion is usually controlled at the transcriptional level via a

p53-dependent or -independent mechanism. We noted that

eupatilin induced expression of p53 in a time- and con-

centration-dependent manner, which was accompanied by

upregulation of p27Kip1 and p21waf1/Cip1.

Recently, it has been reported that cyclin D1 is a critical

mediator of Ras-induced p21waf1/Cip1 stability in ras-trans-

formed cells [27]. According to this work, Ras-induced

p21waf1/Cip1 stabilization was dependent upon cyclin D1

expression. p21waf1/Cip1 directly binds to the C8a subunit

of the 20S proteasome complexes, and cyclin D1 inhibits

p21waf1/Cip1 degradation. Ras stabilizes p21waf1/Cip1 by

promoting the formation of p21waf1/Cip1-cyclin D1 com-

plexes that prevent p21waf1/Cip1 association with the 20S

proteasome and subsequently degradation by it [27]. More-

over, we observed that expression of p21waf1/Cip1 paralleled

that of cyclin D1 in a time course study (data not shown).

Therefore, we assume that regulation of p21waf1/Cip1

expression is influenced by cyclin D1 in MCF10A-ras

cells.

In conclusion, eupatilin inhibited the growth of

MCF10A-ras cells through induction of cell cycle arrest.

The cytostatic effect of eupatilin appears to be associated

with its down-regulation of cyclin D1 whose expression

appears to be under the control of the Raf/MEK/ERK

signaling pathway (Fig. 8).

Fig. 8. (A) putative mechanism of eupatilin-induced cell cycle arrest in

MCF-10A-ras cells. Eupatilin is proposed to inhibit expression of cyclin

D1 via the Ras/Raf/MAPK signaling pathway, independently of the Akt

pathway. In addition, eupatilin-induced cell cycle arrest appears to be

associated with up-regulation of p53 and p27Kip1.
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